The mechanical properties of pullulanˆlms prepared at various temperatures were investigated. Theˆlms prepared at high temperatures (409 C and 609 C; H-ˆlms) did not show any clear plastic deformation in tensile test, indicating that they were brittle. In contrast, those prepared at low temperatures (49 C, 139 C, and 259 C; Llms) showed such deformation. The latterˆlms had higher values for both tensile strength and elastic modulus than the former, indicating that the L-ˆlms were stiŠer and more ‰exible than the H-ˆlms. Stretching the L-ˆlms clearly showed a shear deformation band inclined at 459to the stretching direction, indicating that they were amorphous.
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Pullulan is a neutral linear polysaccharide composed of (1ª6)-linked a-D-maltotriose residues and is synthesized from starch or sugar by Aureobasidium pullulans.
1) It is water-soluble and forms an edibleˆlm which is colorless, tasteless, resistant to oil and heat-sealable. Since theˆlm has very low oxygen permeability, it is used for food coating and drug processing. 2, 3) However, commercially available pullulanˆlm without any plasticizer is brittle, 4) so, a plasticizer such as sorbitol, sucrose, fatty acid esters, 5) or polyvinyl alcohol 6) is added in order to improve the ‰exibility and extensibility of theˆlm. We found in this work that pullulanˆlms prepared by casting pullulan water solutions at low temperatures showed plasticity.
Pullulan (molecular weight＝200,000) was supplied by Hayashibara Biochemical Laboratories, INC. (Okayama, Japan). A 5g W 100ml aqueous pullulan solution (200 ml) was cast on to a Kapton (polyimide)ˆlm (170 mm×170 mm) and allowed to evaporate at 4, 13, 25, 40, or 609 C; the respective periods required to becomeˆlms were approximately 19, 7, 4, 2.5, and 1 days. Peeling oŠ the resultinĝ lms prepared at the higher temperatures (409 C and 609 C) from the Kapton baseˆlm was performed after storing them at 100z r.h. for 2 h., since thesê lms were brittle. Theˆlms obtained at the lower temperatures from 49 C to 259 C were more ‰exible and could be removed from the baseˆlm without storing at high humidity. All theˆlms were stored at 100z r.h. for 2 h and cut into rectangular strips (approximately 10 mm×70 mm), and then stored at 65z r.h. one week before a tensile test. The thickness (around 250 mm) of each strip was measured with a hand-held micrometer, the smallest of three readings being used. The mean of three readings of the width (approximately 10 mm) measured by a caliper square was employed.
Tensile tests were conducted at 23±19 C and at 50±5z relative humidity with an Instron testing machine at a cross-head speed of 4 mm W min. The tensile strength and Young's modulus were calculated from the maximum (peak) load and initial slope of the stress-strain curve. Each reported value is represented as the average and standard deviation of at least 20 samples.
The density of each pullulanˆlm was measured by a ‰otation method in a solution of carbon tetrachloride-xylene at 259 C. The water content of each sample was determined by drying the sample at 1109 C under vacuum to constant weight.
It is noteworthy that the pullulanˆlms prepared at the lower temperatures from 49 C to 259 C (called Llms) seemed to be more ‰exible than those obtained at the higher temperatures (409 C and 609 C; H-ˆlms). This was conˆrmed by a mechanical study on the pullulanˆlms. Figure 1 shows typical stress-strain curves for pullulanˆlms prepared at the high (A) and low (B) temperatures. The curve of the former indicates that the H-ˆlm was fragile. It had similar characteristics to commercially available pullulanˆlm having no plasticizer which is produced at a high temperature such as 60-1209 C. 4) In contrast, the L-ˆlms showed plasticity and had higher values than the H-ˆlms in both tensile strength and elastic modulus calculated from the peak and initial slope of the curve (Fig. 2) . These results indicate that the pullulanˆlms prepared at the lower temperatures were stiŠer and more ‰exi-ble than those obtained at the higher temperatures. When the L-ˆlms were stretched, they clearly showed a shear deformation band inclined at 459to the stretching direction (Fig. 3) . They exhibited optical birefringence, indicating the presence of molecular orientation in the band. This is typical of the plasticity transformation of an amorphousˆlm.
7)
The mechanical behavior of the pullulanˆlms prepared at low temperatures from 49 C to 259 C may bê rst report on polysaccharideˆlms without any plasticizer. To understand the diŠerence of mechanical behavior between the H-ˆlm and L-ˆlm, weˆrst considered there may be some diŠerence in molecular orientation. We therefore measured the wide-angle X-ray diŠraction of both the L-and H-ˆlms with the X-ray beam irradiating parallel to theˆlm surface. No diŠraction pattern was apparent due to theˆlm being amorphous. Small-angle X-ray diŠraction measurements, which may re‰ect the molecular orientation, of bothˆlms with the angle, 2u, of more than 29did not show any diŠraction pattern. The density and water content of all the pullulanˆlms were similar to each other. Considering that there may be some diŠerence between the L-and H-ˆlms in the interaction of water and the pullulan molecule, we measured bothˆlms by diŠerential scanning calorimetry. No diŠerence was apparent.
The eŠect of storage humidity of the pullulanˆlms on their mechanical properties was then examined. When an L-ˆlm prepared at 139 C was stored at 31z r.h. for 1 week, it showed a tensile strength of 55.0 4.0 N W mm 2 and elastic modulus of 191085 N W mm 2 . The latterˆgure is similar to that of theˆlm stored at 65z r.h. (1920160 N W mm 2 ), but the former is lower than theˆgure for thisˆlm (69.34.1 N W mm 2 ) (Fig. 2) . However, bothˆlms showed a stress-strain curve with a plastic region. That is, the L-ˆlms did not lose plasticity even when they were stored at the lower (31z) r.h., although the reason why it had a lower tensile strength is not known at present. When an H-ˆlm prepared at 409 C was stored at a high r.h. (81z) for 1 week, it showed a tensile strength of 38.4 2.7 N W mm 2 and elastic modulus of 172042 N W mm 2 ; the formerˆgure is lower than that obtained with theˆlm stored at 65z r.h. (53.95.3 N W mm 2 ), while the latter is similar (Fig. 2) . This indicates that theˆlm stored at lower humidity was more fragile. The characteristic of the stress-strain curve did not change when theˆlm was stored at such a high r.h. value, that is, it showed no plasticity.
These results indicate that the diŠerence in plasticity between the L-and H-ˆlm depended on their superstructure and not on the storage atmosphere. The L-ˆlm became more fragile when stored at low humidity, whereas the H-ˆlm showed similar behavior when stored at high humidity. The superstruc- This photograph was taken after sandwiching the specimen between two polarizingˆlters at right angle to each other. The specimen was stretched along the longer axis.
tures of bothˆlms are unknown at present, however.
There is a possible explanation for this diŠerence in plasticity. While casting the pullulan solution to prepare an H-ˆlm, a localization of the polymer concentration in the solution may has occurred which aŠected the mechanical properties of theˆlm, since the time required to prepare an H-ˆlm was shorter than that for an L-ˆlm. We prepared an H-ˆlm at 409 C by casting a dilute pullulan solution having half the concentration of that for the equivalentˆlm; that is, 10g of pullulan powder was dissolved in 400ml of water; giving a polymer concentration of 2.5z. The time required to prepare the pullulanˆlm was 5 days, twice the time for H-ˆlm prepared at 409 C from the 5z solution (2.5 days). The resultingˆlm stored at the same r.h. (65z) and for the same period (1 week) as those for the equivalentˆlm showed a tensile strength of 53.02.3 N W mm 2 and elastic modulus of 1590200 N W mm 2 which are very similarˆgures to those for the equivalent H-ˆlm of 53.95.3 N W mm 2 and 1640200 N W mm 2 (Fig. 2) . These results indicate that there was no localization of the pullulan concentration in the polymer solution during casting.
Commercially available pullulanˆlms without any plasticizer are brittle because they are produced from a pullulan solution by evaporating at a high temperature such as 1009 C 4) in order to save casting time. We found that stiŠer and more ‰exibleˆlms could be obtained by casting the solutions at a lower temperature, although this requires a longer period for evaporation.
